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ABSTRACT
We investigate the properties of X-ray emission from shock breakout of a supernova in a stellar
wind. We consider a simple model describing aspherical explosions, in which the shock front with
an ellipsoidal shape propagates into the dense circumstellar matter. For this model, both X-ray light
curves and spectra are simultaneously calculated using a Monte Carlo method. We show that the
shock breakout occurs simultaneously in all directions in a steady and spherically symmetric wind.
As a result, even for the aspherical explosion, the rise and decay timescales of the light curve do
not significantly depend on the viewing angles. This fact suggests that the light curve of the shock
breakout may be used as a probe of the wind mass loss rate. We compare our results with the
observed spectrum and light curve of XRO 080109/SN 2008D. The observation can be reproduced by
an explosion with a shock velocity of 60% of the speed of light and a circumstellar matter with a mass
loss rate of 5× 10−4M⊙ yr−1.
Subject headings: supernovae: general — supernovae: individual (SN 2008D) — shock waves —
radiative transfer
1. INTRODUCTION
A core-collapse supernova emits a bright ultravio-
let (UV)/X-ray flash, so-called ”shock breakout”, when
photons generated from the shock escape upstream.
Shock breakout has been studied for several decades
since Klein & Chevalier (1978) and Falk (1978). The
timescale of the emission is determined by the light cross-
ing time of the radius of the source and the diffusion
timescale of photons in the unshocked or shocked matter
(e.g. Ensman & Burrows 1992; Matzner & McKee 1999).
Shock breakout is a powerful probe of the stellar radius
and the structure of the outer layer of the star, since it
should be associated with all core-collapse supernovae,
and the emission properties are highly sensitive to the
behavior of the shock.
In 2008, the Swift/XRT accidentally detected X-ray
outburst (XRO) 080109 (Soderberg et al. 2008), which
was associated with a type Ib supernova (SN) 2008D
(Mazzali et al. 2008; Malesani et al. 2009; Modjaz et al.
2009; Tanaka et al. 2009b). The luminosity rapidly
reached the maximum in the first ∼ 100 sec and ex-
ponentially decayed until 600 sec from the onset of the
outburst. The peak luminosity and total radiated en-
ergy are 6× 1043 erg s−1 and 2 × 1046 erg, respectively.
The Swift/XRT spectrum is well fitted by a power-law
function, rather than a Planck function. Soderberg et al.
(2008) also reported that a UV/opt emission was de-
tected by the Swift/UVOT ∼ 1 day after XRO 080109,
and a decreasing X-ray emission [L = (1.0±3.0)×1039 erg
s−1 in the energy range of 0.3–10 keV] by the Chandra
X-ray Observatory ∼ 10 days after the Swift discovery.
XRO 080109 and the subsequent fainter X-ray emission
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is believed to originate from shock breakout and inter-
action of the shock with a circum-stellar matter (CSM)
(Soderberg et al. 2008; Chevalier & Fransson 2008).
The timescale of XRO 080109 is closely related to the
shock radius at the moment of breakout. When inter-
preting the rise time as the light crossing time of the
breakout radius, it must be ≈ 1012 cm (Soderberg et al.
2008). Since it is larger than the typical radius of a
Wolf-Rayet star, XRO 080109 is believed to originate
from a dense CSM. The observed duration is consistent
with the diffusion timescale of photons in the unshocked
CSM, in which the shock breaks out at the radius of 1.1–
1.6×1012 cm (Balberg & Loeb 2011). If the rise time is
regarded as the shock expansion timescale, the shock ra-
dius is estimated to be ≈ 6 × 1011 cm (Svirski & Nakar
2014). Though the two estimated values are different
by a factor of a few, they agree upon the excess of
the breakout radius compared to the typical radius of
a Wolf-Rayet progenitor. In general, Wolf-Rayet stars
blow winds with terminal velocities vt of vt ∼1,000 km
s−1 (Prinja et al. 1990; Hamann et al. 1995) at rates M˙
in the range of 10−5 to 10−4M⊙ yr
−1 (Hamann et al.
1995; Nugis et al. 1998). Since a wind mass loss event is
known to play a significant role in the evolution of a mas-
sive star (Maeder & Meynet 1987; Meynet et al. 1994),
studying shock breakout also enriches the understanding
of massive star evolution shortly before the explosion.
For this importance, the properties (such as timescale
and luminosity evolution) of emission from the shock
breakout in a wind have been predicted by several theo-
retical studies (e.g. Balberg & Loeb 2011; Moriya et al.
2011; Chevalier & Irwin 2011, 2012; Svirski et al. 2012;
Svirski & Nakar 2014).
The origin of the observed spectrum of XRO 080109
has been argued in several articles. The observed spec-
trum can also be fitted by a combination of two black-
body components, but the photospheric radii are far
smaller than the typical radius of a Wolf-Rayet star
(Li 2008). Soderberg et al. (2008) attributes the power-
2law spectral feature to electron (”bulk-Comptonization”)
scattering across a shock. In fact, Suzuki & Shigeyama
(2010a) numerically examined how the photon energies
increase due to this effect. Their results imply that the
observed power-law X-ray spectrum requires a shock ve-
locity higher than 0.3c, where c denotes the speed of
light. The effect of bulk-Comptonization has also been
studied by Wang et al. (2007), in which mildly relativis-
tic shock breakout in a dense CSM is applied for the
low-luminosity GRB 060218/SN 2006j (Campana et al.
2006). Similar studies have been performed for shocks
with lower velocities (. 104 km s−1) by Svirski et al.
(2012) and Chevalier & Irwin (2012), applied to the lu-
minous Type IIn SN 2006gy. The scattering process de-
creases photon energies in this particular supernova.
In addition to the presence of the CSM and the bulk-
Comptonization, the asphericity of the shock front might
also be important to determine the emission properties of
shock breakout. Suzuki & Shigeyama (2010b) suggested
that the shape of the light curve can reflect the degree
of shock asphericity and the viewing angle. Couch et al.
(2011) investigated the influence of shock asphericity on
the light curve and spectrum by using results of their two-
dimensional hydrodynamical simulations of a jet-driven
supernova. However, they do not take the influence of
bulk-Compton scattering into the calculation of the spec-
trum. Suzuki et al. (2016) recently performed 2D radia-
tion hydrodynamic simulations for a blue supergiant ex-
ploding in a steady wind. Since bipolar explosions result
in the shock appearing sequentially, the light curve would
have a broader peak compared to the case of a spherical
shock.
Despite a large number of studies having investigated
the emission properties in detail, there have been no stud-
ies that reproduce both the observed X-ray spectrum and
light curve by taking bulk-Comptonization into account.
In this paper, we aim to investigate the influence of shock
asphericity and bulk-Comptonization on the properties
of emission from shock breakout in a wind. For this
purpose, we perform radiative transfer calculations us-
ing a Monte-Carlo method. In Section 2, we describe
the settings for the shock and Monte-Carlo calculation.
In Section 3, we show the results and comparisons with
the observed properties of XRO 080109/SN 2008D. In
Section 4, we conclude this paper.
2. METHODS
We calculate X-ray light curves and spectra of shock
breakout emission in a dense CSM. In the following sub-
sections, we describe our model for the propagation of
the shock (§2.1) and the method to calculate radiative
transfer (§2.2).
2.1. Model for shock
To capture the properties of X-ray emission, we adopt
a simple model of shock breakout in a wind as described
below (Figure 1). Our calculation does not take into
account the feedback from emission to the fluid motion.
The matter is radiation dominated (the adiabatic in-
dex γ equals to 4/3), and the radiation and matter are
in thermal equilibrium below the photosphere. Here we
focus on inverse Compton scattering in the shocked CSM
of interest. For that, we think of supernova ejecta as a
Fig. 1.— Schematic view of an ellipsoidal shock propagating
into a steady, spherically symmetric CSM. The degree of the shock
asphericity is characterized by the oblateness f . The position of
the shock front corresponds to the dashed curve at the moment of
breakout.
piston, and focus on modeling the forward shock propa-
gating in the CSM. We ignore the presence of the shocked
ejecta. Since the supposed ejecta density, ≈ 1020 cm−3 at
the moment of breakout (hereafter t = tb where t denotes
the time measured from the moment of explosion) is or-
ders of magnitude higher than that of the shocked CSM
(≈ 1013 cm−3), photons would be absorbed or scattered
immediately at the contact surface. (Inward traveling
photons generated from the shock front can be blocked by
a shell filled by ejecta with a uniform density and a mass
of ∆Mej ∼ 2× 10−7M⊙, the same order of magnitude as
the total mass of the shocked CSM, Msh = 1× 10−7M⊙,
at t = tb. Here ∆Mej is estimated from the shell width
Rc − rmin of 1/κρej = 3× 104 cm, where κ=0.2 cm2 g−1
is the opacity for electron scattering, Rc the radius of
the contact surface, and ρej = 1.8 × 10−4 g cm−3 the
mass density of ejecta). To see the influence of the struc-
ture behind the shock on the emission properties (shapes
of the light curve and spectrum), we compare results
of calculations with that using self-similar solutions of
Chevalier (1982) with different density structures of the
ejecta. As shown in Figure 13 (Appendix B), there is
no significant difference in the shapes of the X-ray light
curves between the models. We obtain spectra with sim-
ilar shapes as long as the density of the ejecta has a
steep slope (n ≥ 10) as a function of radius (see Fig-
ure 14). Thus three different regions (unshocked CSM,
shocked CSM, and unshocked ejecta) are under consid-
eration. Both the shocked CSM and ejecta move at con-
stant velocities. The ejecta are assumed to have a uni-
form density and evolve in homologous expansion. The
total mass is 10M⊙.
We consider a shock having an ellipsoidal shape. The
shock radial velocity follows the formula
v(f, θ) =
1− f
[(1 − f)2 cos2 θ + sin2 θ]1/2 × v(f, 0), (1)
where f denotes the oblateness of the shock front, θ the
angle measured from the symmetric axis. If the kinetic
energy of the ejecta is fixed, the shock velocity at θ = 0
can be written as follows (Appendix A).
v(f, 0) =
√
3× vf=0 × (2f2 − 4f + 3)−1/2, (2)
where vf=0 is the shock velocity in the spherically sym-
3metric case. In this study, vf=0 = 0.6c. Figure 2 shows
the angular dependence of v for f = 0 (spherical), 0.1,
0.3, and 0.5.
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Fig. 2.— Angular dependence of the shock velocity v.
The wind is supposed to be stationary, spherically sym-
metric, and emanate from a carbon-oxygen layer. The
electron number density n1 of the unshocked CSM fol-
lows the equation
n1 =
A
r2
, (3)
where r is the radius measured from the center of the
progenitor, and A a constant. The optical depth τ of the
unshocked CSM must be equal to c/v when the shock
propagating at a speed v breaks out. The characteristic
timescale of the emission must strongly depend on Rb.
We can determine the shock radius at the moment of
breakoutRb for f = 0 by a condition that the rise time of
the observed emission is equal to the light crossing time
Rb/c. If we adopt ∆trise ≈ 100 sec, then Rb becomes
3 × 1012 cm. Therefore the constant A can be uniquely
determined by the following equation,
A =
c
vf=0
[
σkl
∫ ∞
Rb
r−2dr
]−1
, (4)
with a free parameter vf=0. σkl is the Klein-Nishina
cross section for a photon with an energy corresponding
to the peak energy of a blackbody radiation. From the
assumption of vf=0 = 0.6c, A = 7.5× 1036 cm−1. When
f 6= 0, Rb has an angular dependence as written by
Rb = Aσkl × v(f, θ)
c
. (5)
This equation indicates that the shock breaks out at the
same moment Rb/v in all directions (independent of θ)
if it has constant velocities. If the radial velocity of the
unshocked CSM is 1,000 km s−1, the mass loss rate M˙
becomes 5 × 10−4 M⊙ yr−1. The rate is one order of
magnitude higher than that for an ordinary Wolf-Rayet
star, but still consistent with that of a luminous blue
variable (Humphreys & Davidson 1994).
We can estimate the thickness ∆R of the shocked CSM
assuming a uniform density n2 there. The number den-
sity n2 of the shocked CSM at the shock front satisfies
the Rankine-Hugoniot relation
n2
n1
=
γ + 1
γ − 1 . (6)
A relation between the masses of the matter swept by
the shock and the shocked CSM is written by
4πR2ρ2∆R = 4πAR, (7)
where R = v(f, θ)t is the shock radius. From equations
(6) and (7), ∆R equals to (γ − 1)/(γ + 1) × R = R/7.
Therefore the density ρ2 = 2.0 × 10−11 g cm−3 and the
pressure p2 = 6.3 × 109 g cm−1 s−2 at the moment
of shock breakout (R = Rb). Under the assumption
of radiation-dominated state and local thermodynamic
equilibrium, the temperature for the shocked CSM is de-
termined by T2 = (3p2/a)
1/4 = 1.3 × 106 K and that
for the ejecta by Tej = (3ρejv
2
f=0/a)
1/4 = 6.9 × 107 K,
where a is the radiation constant. The temperature of
the unshocked CSM is T1 = 1.0 × 104 K, which is close
to the typical effective temperature of a Wolf-Rayet star
(Herald et al. 2000). The shocked CSM and the ejecta
are assumed to have the same velocities v(f, θ). The as-
sumption of 10M⊙ ejecta with high velocities of v(f, θ)
itself is of cause too energetic. Again, we note that pho-
tons do not enter a deep layer of the ejecta, so that only
a very low-mass (∼ 2× 10−7M⊙) of ejecta is required to
have high velocities as v(f, θ). The kinetic energy of the
ejecta in this region is 1× 1047 erg. For that reason, the
supposed situation is not so bad in the region calculated
in this work.
2.2. Monte-Carlo method
Using the settings of Section 2.1, we calculate radia-
tive transfer of thermal photons by using a Monte-Carlo
method. The basic construction of the code is the same
one as we used in our previous study (Ohtani et al. 2013).
Here we describe several assumptions made in this study.
Photons are isotropically generated at the shock front
over a period of ∆tph=0.5 sec. The period is determined
so that the total radiation energy roughly equals to
the total emitted energy estimated from the Swift/XRT
observation. 1,000 seed photons are generated every
5 × 10−4 sec with an energy distribution following the
Planck distribution in the rest frame of the fluid. If
f = 0, the photospheric temperature is 0.11 keV (here-
after kBTf=0; Tf=0 = T2) at the moment of breakout,
and the total energy Etot,i radiated in the time inter-
val ∆tph is ∼ 6 × 1045 erg. After the shock break-
out, some photons diffuse out of the shock front and
reduce the pressure p2 in the shocked CSM but not sig-
nificantly change the temperature, which is proportional
to p
1/4
2 . (From the thermal energy of the shocked CSM,
4πR2∆RaT 42 = 1× 1048 erg, the change in the tempera-
ture T2 is estimated to be ∼ 0.2%.) Thus we do not take
into account this effect in the radiative transfer calcula-
tions.
We should note that the energy Etot,i released by ra-
diation is 1–2 orders of magnitude lower than the kinetic
energy of the shocked matter, which must be compara-
ble to the thermal radiation in an ordinary shock. We
consider that this is because a major portion of photons
generated in the ejecta remains trapped. To discuss that,
4a comparison of the dynamical timescale (hereafter tdyn)
of the shock, Rb/0.6c ∼ 170 sec, with the diffusion time
of photons in the ejecta is needed. We have estimated
the diffusion time tdiff in a region between r = rmin and
r = R. If the flow expands linearly with time, the optical
depth of the above region becomes unity when the shock
reaches a radius (hereafter R′′τ=1) of ∼ 7×1012 cm. Thus
the diffusion time tdiff becomes (7−3)×1012 cm/v ∼ 200
sec. Since tdiff is longer than tdyn, it seems that a major
portion of photons is still trapped in the ejecta.
The generated photons are assumed to interact with
matter via inverse-Compton scattering and free-free ab-
sorption. In the shocked CSM, the effective optical thick-
ness τ⋆ can be estimated by
τ⋆ =
√
αff(αff + n2σkl)∆R (8)
where αff is the absorption coefficient, due to free-free
transition of electrons
αff = 3.7× 108T−1/2Z2n1niν−3(1− e−hν/kBT )g¯ff cm−1(9)
(Rybicki & Lightman 1979). T is the temperature, Z
the atomic number, ni the number density of ion, h the
Planck constant, ν the frequency, and g¯ff(∼ 1) the gaunt
factor. If f = 0, τ⋆ = 4× 10−4 ≪ 1 for hν =0.3 keV and
Z = 8 at the moment of shock breakout. Therefore most
photons are not absorbed by electrons.
The process of photon-electron coupling is discussed
by Nakar & Sari (2010) and Katz et al. (2010) for shock
breakout at a stellar surface, and by Svirski et al. (2012)
for that in a wind. Here we estimate the total number
of thermal photons produced by bremsstrahlung emis-
sion. The total emissivity integrated over frequency is
expressed by
εff = 1.4× 10−27T 1/2nelniZ2g¯B, (10)
where nel is the electron number density, ni the ion num-
ber density, Z the electric charge of the ion, and g¯B ∼ 1
the gaunt factor (Rybicki & Lightman 1979). Assuming
nel = nej (nej = 6 × 1019 cm−3: electron number den-
sity in the ejecta), T = Tej and fully ionized oxygen gas,
Equation (10) yields εff = 3×1017 erg s−1 cm−3. There-
fore the energy Effν radiated from the ejecta per unit time
is roughly evaluated by 4πR2b(1/κρej)ε
ff = 1 × 1048 erg
s−1, and the time required to release the energy of Etot,i
is 6×10−3 sec. (Dividing Eff by 3kBTf=0, we can roughly
estimate the number of photons as 2 × 1057 s−1.) Since
the required time is shorter than ∆tph, we can consider
that the generated photons are abundant enough so that
the radiation and matter achieve thermal equilibrium.
Under the assumption of fully-ionized gas, possible
bound-free absorption is neglected. In order to show the
validity of this assumption, we estimate the timescale for
photoionization of oxygen in a process similar to that of
Suzuki & Shigeyama (2010a). The bound-free cross sec-
tion of O VI ions is written by
σbf =
(
64πngbf
3
√
3Z2
)
αfsa
2
B
( χ
hν
)3
(11)
where n = 1 denotes the principal quantum num-
ber, gbf ∼ 1 the bound-free gaunt factor, αfs the
fine structure constant, aB the Bohr radius, and χ =
Z2α2fsmelc
2/(2n2) = 0.87 keV (mel: electron mass) the
ionization potential (Rybicki & Lightman 1979). For
photons with energy 3kBTf=0, Equation (11) yields σbf =
2 × 10−18 cm2 ≫ σkl. Though the fact indicates that
bound-free absorption is a dominant source of opacity,
the interaction would not significantly affect the non-
thermal component of the X-ray spectrum due to a short
timescale of photoionization. The timescale can be esti-
mated by the total emitted energy and number of non-
thermal X-ray photons. Using the luminosity of the ther-
mal emission expressed by
Lth = 4πR
2
bσSBT
4
f=0 = 2× 1046 erg s−1, (12)
(σSB = ac/4: the Stefan-Boltzmann constant) and the
time interval ∆tph, the total energy becomes
Eth = Lth
c∆tph
vf=0
= 2× 1046 erg. (13)
Thus the number density of photons with energies of few
keV is
nph =
ǫEth/few keV
4πR2bc∆tph
≈ 1018ǫ cm−3, (14)
where ǫEth (here ǫ is supposed to be ∼ 0.1) is the total
energy of non-thermal photons. Therefore, the timescale
for bound-free absorption is
τbf =
1
cσbfnph
≈ 10−9 s (15)
Then we estimate the timescale of radiative recombi-
nation for fully ionized oxygen written by
τrad =
1
αradZ n¯2
, (16)
where
αffZ = 5.197× 10−14Zβ−1/2(0.4288 + 0.5 lnβ + 0.469β−1/3) cm3 s−1,(17)
where β = χ/(kBT ) (Seaton 1959). Substituting T =
Tf=0 into the equations above, τrad becomes 0.6 sec,
which is far longer than τbf .
We can expect from a comparison of the estimated τrad
and τbf that most elements become fully ionized immedi-
ately so that photons with energies of few keVs would not
be influenced by bound-free absorption in the shocked
CSM. In the unshocked CSM, we obtain τbf ≈ 10−7 sec
and τrad = 0.4 sec, by replacing ∆tph by the diffusion
timescale of photons ∼ 100 sec (calculated in Section
3.1) in Equation (14), T by T1 and n¯2 by n1 at the shock
front in Equations (16) and (17). The small τbf/τrad ratio
allows neglecting the influence of bound-free transition.
Once a photon reaches the surface with an optical
depth τ of 10−2, it is supposed to escape from the CSM.
The calculation stops when the shock front reaches the
surface of τ = 10−2.
3. RESULTS
First of all, we calculate the X-ray light curve and
spectrum for a spherically symmetric supernova (f = 0),
and compare them with the observation of XRO 080109.
Then we show the dependence on the oblateness f of the
shock and the viewing angle Θ.
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Fig. 3.— Light curve (0.3–10 keV) of emission originating from a
spherically symmetric shock. The superposed bars are the observed
data of XRO 080109. The time is measured from the moment when
the first photon passes a large spherical surface concentric with the
ejecta.
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Fig. 4.— Comparison of the light curves in the energy range of
0.3-10 keV (black dashed line) and below 0.3 keV (red solid line).
3.1. Spherically symmetric shock
Figure 3 shows the light curve in the energy range from
0.3 keV to 10 keV covered by the Swift/XRT. The lumi-
nosity rapidly increases for the first 40 sec, and expo-
nentially decreases for the subsequent several hundred
seconds, as L ∝ exp[(tobs − tpeak)/te] where tpeak = 40
sec and te = 200 sec. The time interval between the on-
set and the peak (hereafter ∆trise) depends primarily on
the light crossing time ∆tlc of the size of the emerging
shock, and secondarily on the diffusion timescale of pho-
tons in the shocked CSM. We should note that there is a
weak but not negligible influence of relativistic effects on
the motion of photons. A photon does not travel toward
the observer if the angle between the line of sight and the
radial direction exceeds tan−1(cγ−1v−1) ∼ 50 deg. Here-
after the threshold angle is referred to as θrel. Therefore
∆tlc = Rb(1−cos θrel)/c = 30 sec. The diffusion time t′diff
of photons in the shocked CSM is determined by the ra-
dius Rτ=1 at which the optical depth of the shocked CSM
becomes unity. From the definition of the CSM density,
Equations (3) and (4), Rτ=1 ∼ 5 × 1012 cm. The length
of t′diff depends on the optical depth between r = Rb and
Rτ=1. It would equal to (Rb −Rτ=1)/v = 110 sec.
The decay time is related to the light crossing time
of the radius Rfinal at which photons are scattered for
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Fig. 5.— Time-integrated spectrum of emission from a spheri-
cally symmetric shock (solid curve). The dotted curve represents
a blackbody spectrum at a temperature of kBTb. The gradients of
the straight lines are -2.0 and -2.6, which correspond to the ±1σ
values of those of the observed Swift/XRT spectrum.
the last time, and the photon diffusion time in the un-
shocked CSM. For example, if a photon last scatters off
an electron at a radius of ∼ 10Rb, the light crossing
time equals to ∼ 10Rb/c = 1000 sec. We can expect
that nearly ∼ 10% of generated photons can scatter off
electrons between this radius and infinity because the op-
tical depth τ of the outside matter is not far smaller than
0.1, implying that the scattering probability is close to
1 − exp(−τ) ∼ 0.1. Therefore the emission can last for
several hundreds of seconds. The time constant te (mea-
sured from t = tpeak) is also related to the optical depth
of the unshocked CSM. Because the probability that pho-
tons travel straight in the unshocked CSM is exp(−τ) and
tobs − tpeak is inverse proportional to τ , te corresponds
to the time when the luminosity becomes Lpeake
−1. The
photon diffusion time is (Rb −Rτ=1)/v = 110 sec in the
unshocked CSM. The period ∆tph over which the shock
front emits photons does not influence on the shape of
the light curve as long as it is much shorter than the
duration.
The overall shape of the light curve consisting of the
rapid rise and the exponential decay resembles that of the
observed emission in the energy range of the Swift/XRT.
Though the length of ∆trise is 40 sec in the calculation,
which is shorter than the observation, it would be im-
proved when considering a higher density CSM, in which
the breakout radius Rb becomes ∼ 6 × 1012 cm. Note
that the maximum luminosity should not be discussed in
this study, because it is proportional to the assumed pe-
riod of photon generation and thus can be easily adjusted
without additional simulations. Figure 4 shows the light
curve for the energy lower than 0.3 keV. Due to absorp-
tion, the luminosity decreases rapidly compared to that
for 0.3–10 keV, so that the e-folding time te is as short
as 120 sec. There is no significant difference between the
rise times for energy lower than 0.3 keV and for 0.3–10
keV.
Figure 5 shows the time-integrated spectrum. The dot-
ted line displays the blackbody with a temperature of
kBTf=0. Photons following zigzag paths across the shock
front receive the kinetic energies of electrons. Their max-
imum energies reach E ∼ melv2 ∼ 10 keV. The high-
energy tail (1–7 keV) of the spectrum can be fitted by
a power-law distribution, and the gradient lies in the 1σ
6error range of the observed X-ray spectrum (shown by
the straight lines in Figure 5).
Comparisons of our results with the observations of
XRO 080109 show that the shape of the observed X-ray
light curve and the spectrum can be reproduced by the
emission generated from a spherically symmetric shock
with a velocity of 0.6c and a wind with a mass loss rate
of 5 × 10−4M⊙ yr−1. Here the total radiation energy
Etot,f is 2× 1046 erg, about 3 times higher than that be-
fore electron scattering (Etot,i). The total kinetic energy
Esh of the shocked CSM is 4πR
2
bρ2∆Rv
2 = 2× 1047 erg
at the moment of shock breakout. From the relatively
small ratio of Etot,f − Etot,i to Esh, we can expect that
radiation feedback would not induce a significant change
of electron temperature.
3.2. Aspherical shock
We investigate the influence of the asphericity of the
shock on the light curve and the spectrum. Previous
calculations (Suzuki & Shigeyama 2010b; Couch et al.
2011; Matzner et al. 2013; Salbi et al. 2014; Suzuki et al.
2016) investigated aspherical shock breakout in the
vicinities of the stellar surfaces without thick CSM.
Caused by the significant time lags between the shocks
breaking of their tops and sides, the calculated light
curves show the broader peaks compared to that for a
spherical shock. Situation of our calculation is fairly dif-
ferent from that, as the shock breakout occurs simultane-
ously in all directions due to the assumptions of the thick,
steady, and spherically symmetric wind and a constant
shock velocity v(f, θ). We should note that in reality,
non-radial motions of ejecta play important roles along
the stellar surface. If the asphericity (or ”obliquity”) in
the ejecta motion is limited to a thin outer layer of the
star and the effect of radiation is neglected, non-radial
flows are believed to suppress the shock (Matzner et al.
2013). Thus the assumptions in our model need some-
what energetic explosion process, such as a jet-like ex-
plosion or a prolonged activity of the central engine.
Figure 6 shows the light curves in the energy range
of the Swift/XRT when the shock has an oblateness of
0.1, 0.3, and 0.5. The time tobs is measured from the
moment when the first photon passes a large spherical
surface concentric with the ejecta. In each panel, the
flux is averaged over the angular ranges of θ =[0,10],
[40,50], and [80,90] deg, respectively. The light curves
show that the timescales (the rise time and the duration)
of the luminosity evolution have similar values regard-
less of f and Θ. As with the spherically symmetric case,
the decay time of a few hundred sec is uniquely deter-
mined by the density distribution of the CSM. The reason
of the similarity in the rise time is rather complicated.
It depends on the shock velocity of which value varies
with the inclination angle. When the radiation intensity
is concentrated in a small angle (< θrel), the rise time
θrise becomes significantly shorter than the light cross-
ing time ∆tlc of the size of the emerging shock, while
when the intensity is broadly distributed (v = 0.5c in
Figure 7), ∆trise roughly equals to ∆tlc. For example,
we can estimate the rise time observed with a viewing
angle of Θ = 0 for a shock with an oblateness of f = 0.5.
The high shock velocity along the line of sight ∼ 0.8c
implies that most photons reaching an observer travel
close to the symmetry axis (θ < 30 deg) due to beaming
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Fig. 6.— Light curves (0.3–10 keV) of X-ray emission originating
from ellipsoidal shocks. The graphs are shifted to the left side so
that the times of onset corresponds to that for f = 0.
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Fig. 7.— Angular distribution of photons generated from the
shock with a velocity of 0.8c, 0.7c, 0.6c, 0.5c in the observer frame.
The integral over the solid angle Ω becomes unity.
effects (see Figure 7). Thus the rise time is approxi-
mated as [Rb,θ=0 − Rb,θ=30◦ cos 30◦]/c ∼ 40 sec where
Rb,θ=0 = 4 × 1012 cm and Rb,θ=30◦ = 3 × 1012 cm. On
the other hand, the rise time observed with a viewing
angle Θ = 90 deg can be approximated by ∆tlc = 40 sec
because of the low shock velocity along the line of sight
∼ 0.5c.
The peak luminosity Lpeak decreases with Θ, as well
as the velocity of the shock propagating along the line of
sight. The relation between the shock velocity v and
Lpeak in the energy range of 0.3–10 keV is displayed
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Fig. 8.— Correction between the shock velocity and the peak
luminosity. The errors shown in the horizontal bars are caused by
the angular width of Θ (=[0,10], [40,50], and [80,90])
.
in Figure 8. The bin widths of v correspond to the
ranges of the viewing angle Θ. Within the range of
0.4c . v . 0.8c, the values of Lpeak tends to increase
with increasing v due to the bulk-Comptonization. For a
lower shock velocity, such a positive correlation would be-
come weaker because photons cannot gain much energy
from electrons via electron scattering. Figure 9 shows the
light curves for the energy lower than 0.3 keV. Again,
all of the models have similar results in the timescales
and the overall evolution of the luminosity due to the
simultaneous shock breakouts in all directions. Thus the
timescales responsible for the shape of the light curve
becomes independent of the oblateness of the shock and
the viewing angle. Consequently, from such a light curve
it would be possible to know whether the morphology of
the CSM is spherical and the velocity of the shock prop-
agating along the line of sight. On the other hand, it
would be difficult to constrain the degree of asphericities
of the ejecta and shock front.
Figure 10 shows the time-integrated spectra for f =0.1,
0.3, and 0.5. When the shock front has a finite oblate-
ness, the power-law gradient of the high energy (1–7 keV)
component is shallower along the on-axis compared to
the spherically symmetric case, while it is much steeper
along the off-axis. This is because the shock has the ra-
dial velocity higher than 0.6c in the vicinity of the axis
and lower at off-axis. Consequently, the influence of bulk-
Comptonization becomes weaker as Θ becomes larger.
We compare the calculation for the ellipsoidal shock
wave with XRO 080109. Figure 11 shows the light curve
for f = 0.5 and Θ =45 deg as our best model. The overall
shape of the light curve is roughly consistent with obser-
vation. In fact, an off-axis line of sight has also been
suggested for XRO 080109 from late-phase observations
of nebular emission lines of SN 2008D (Tanaka et al.
2009a), and our results are consistent with this interpre-
tation. As shown in Figure 10, the high-energy spectral
gradient is within a 1σ error range of the observation if
the shock velocity along the line of sight is higher than
∼ 0.5c.
4. CONCLUSIONS
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Fig. 9.— The same as Figure 6 but for energies below 0.3 keV.
We investigate the properties of X-ray emission from
shock breakout in a dense CSM. For this purpose, we cal-
culate transfer of X-ray photons interacting with matter
through Compton scattering and free-free absorption by
using a Monte-Carlo method. We also study relations be-
tween the asphericity of the shape of the ellipsoidal shock
front and the observational features of the emission.
The rise time of the light curve ∆trise is mainly de-
termined by the light crossing time ∆tlc of the breakout
radius and also slightly affected by the diffusion time
t′diff of photons in the shocked CSM. The major factor
determining the duration of the light curve is the light
crossing time of the radius at which photons last scat-
ter off electrons. Even for an aspherical explosion, the
properties of the light curve, such as the duration, the
rise time, and the shape of the declining part, do not dra-
matically depend on the viewing angle as long as a steady
and spherically symmetric wind is considered. The result
suggests that the characteristics of the light curve are a
good probe of the CSM density or mass loss rate.
We show that both of the observed light curve and
spectrum of XRO 080109/SN 2008D can be reproduced
by mildly-relativistic shock breakout in a dense spherical
CSM. For a shock with the velocity of 0.6c and CSM with
a mass loss rate of 5×10−4M⊙ yr−1, the rise time, the du-
ration and the shape of the calculated X-ray light curve
can be consistent with the observation. The power-law
spectral gradient of the observed emission is also repro-
duced if the shock propagates toward the observer at a
speed greater than ∼ 0.5c.
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Fig. 10.— Time-integrated spectra of X-ray emission originated
from an axisymmetric shock. The dashed curve represents a black-
body spectrum at a temperature of kBTb. The gradients of the
straight lines are -2.0 and -2.6, which correspond to the ±1σ val-
ues of those of the observed Swift/XRT spectrum.
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Fig. 11.— The same as Figure 3 but for an ellipsoidal shock with
an oblateness of f = 0.5.
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APPENDIX
A. RELATION OF SHOCK VELOCITY TO OBLATENESS
The shape of the shock front should be changed under a fixed value of the explosion energy Ekin. In the following
few equations, we approximate the velocity of ejecta by that of the shock front. Here we define a typical time tb0 for
each model, at which the mass density ρej of ejecta has the same value as the moment of shock breakout for f = 0.
tb0 equals (1− f)−2/3ti where ti denotes the moment of shock breakout along the symmetric axis. Then Ekin and the
total ejecta mass Mej are roughly expressed by the following equations.
Ekin≈
∫∫∫
ρej0v
2(f, θ)
2
r2 sin θdrdθdφ
=
πρej0v
2
0
3
∫ π
0
[
R3(1 − f)2 sin θ
(1− f)2 cos2 θ + sin2 θ
]
dθ
=
2πρej0v
2
0R
3
0
9
· (2f2 − 4f + 3)(1− f)2, (A1)
Mej=
4πρej0R
3
0
3
(1 − f)2, (A2)
where φ is the azimuth angle, R the shock radius, and ρej0, v0 and R0 are the values at θ = 0. Accordingly,
Ekin ∝ v20 × (2f2 − 4f + 3) (A3)
As a result, with a fixed vf=0 = 0.6c, v0 can be written by Equation (2).
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Fig. 12.— Velocity, number density and temperature at the time of shock breakout. The density of the unshocked CSM and ejecta is
assumed to have power-law distribution.
B. COLLISION OF THE SPHERICALLY SYMMETRIC EJECTA WITH POWER-LAW DENSITY AND THE
CIRCUMSTELLAR MATTER
In order to see if the assumption of uniform density significantly influences on the results of the calculation, we make
a calculation for spherically symmetric ejecta with a power-law density (∝ r−n). The issue of the absolute luminosity
is beyond the scope of this work. We describe the hydrodynamics by using the Chevalier self-similar solution. We
examine the emission for n = 10, 12 and 7 (ordinarily used to describe type Ia SNe).
B.1. Settings
To calculate the X-ray light curve and spectra, we describe the spherically symmetric distribution of the shocked
matter and freely-expanding ejecta as follows.
The structure of the shocked CSM is determined by Parker (1963), in which the radius of the forward shock R1
increases with time t as R1 ∝ t1/λfr (λfr: constant). In the stationary CSM, if λfr = 3/2, the total energy of the shock
becomes constant. Here we assume the same density profile of the unshocked CSM and the shock radius R1 at the
moment of breakout as those (n1 and Rb,f=0) in Section 2.1.
The structure of the shocked ejecta is derived by Chevalier (1982), in which the density of the unshocked ejecta is
assumed by
ρej = t
−3
(
r
tg
)−n
. (B1)
(g, n: constant) and the radius R2 ∝ t1/λrv of the reverse shock, where λrv = (n− 2)/(n− 3). Noting that the pressure
and velocity of the shocked matter should be continuous at the contact surface, g becomes 4.6×109 for n = 7, 7.6×109
for n = 10 and 9.0× 109 for n = 12. Figure 12 displays the fluid profile.
Using the hydrodynamical profile above, the X-ray light curves and time-integrated spectra for the fixed shock
velocity 0.6c at the moment of shock breakout are calculated. The settings for the Monte-Carlo calculation is the same
as those in Section 2.2 with the exception of the following. If the velocity of the forward shock is fixed at 0.6c at the
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Fig. 13.— Light curves (0.3–10 keV) calculated using the 1D Chevalier model. The black dashed line displays the solid line of Figure 3,
scaled vertically by a factor of 0.05.
moment of shock breakout, tb becomes 133 sec for n = 7, 146 sec for n = 10, and 150 sec for n = 12. The temperature
of the matter is 64 eV (hereafter kBT2,ch) at the shock front. From the electron number density nej of ≈ 1014 cm−3
in the ejecta and temperature T of T2,ch, the total emissivity of free-free emission ε
ff
ν is estimated to be ≈ 105 erg s−1
cm−3 and the energy Effν radiated from the ejecta per unit time ≈ 1043 erg s−1. Therefore it takes ≈ 102–103 sec to
release the energy of Etot,i. The fact would not lead conclusion that it is impossible to generate photons by free-free
emission, but a more careful study would be needed to discuss the structure of the shock in detail.
B.2. Light curves and spectra
We investigate how the shapes of the light curve and X-ray spectrum differ from those in calculated in Section 3.
For example, if the density of the shocked matter follows a uniform distribution, the rise time ∆trise strongly depends
on the light crossing time ∆tlc of the breakout radius and weakly on diffusion time t
′
diff . Here we investigate the
dependence of the emission properties on the structure of the shock in spherically symmetric case.
Figure 13 shows the resultant light curves in the energy range of 0.3–10 keV. The graphs are compared with the
model with uniform density distribution (black dotted line; the luminosity is scaled by a factor of 0.05). If n = 10 and
12, the overall shapes of the light curves are quite similar to that for the model with uniform density. In order to know
on what timescales the rise time ∆trise and duration depend, we compare the diffusion time t
′
diff = (R
′′
τ=1 − rmin)/v
in the shocked matter and unshocked CSM, and the light crossing time ∆tlc of the size of the emerging shock. Here
R′′τ=1 ∼ 7× 1012 cm. From the radius rmin (which satisfies
∫ Rc
rmin
κρdr=1), 2.58× 1012 cm for n = 10 and 2.61× 1012
cm for n = 12, t′diff is estimated to be ∼ (R′′τ=1 − rmin)/0.5c = 300 sec, which is longer than the light crossing ∆tlc
estimated in Section 3.1. For this reason, ∆tlc can be said to be the primary factor in determining ∆trise rather than
t′diff .
Though a model with n = 7 is fainter than those with n = 10 and n = 12 due to the low temperature of the shocked
matter, the timescale of the brightening and the duration are not significantly different from those with n = 10 and
12. (The radius rmin equals 2.45× 1012 cm so that t′diff > ∆tlc.)
Figure 14 shows the time-integrated spectrum. Here we examine how the spectral gradient of the high-energy (1–7
keV) component changes with the motion of the matter. In comparison with the model with the uniform density
and velocity distribution (black short-dotted line), the spectral gradient is steeper if the structure behind the shock is
considered. It is because the velocity of the shocked matter is lower than the shock wave. For Figure 14, we can say
that the spectral gradient of the high-energy tail is determined by the effect of bulk-Comptonization, so it can be a
source of information on the shock velocity.
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